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Center on Aging (A.E., P.J.H.) and the Departments of Cell Biology (A.E., P.J.H.) and Obstetrics and Gynecology (S.B.K., P.R.C., J.E.B.), Baylor College of Medicine, Houston, to secrete large amounts of DHEAW due to its low expression of 3fi-hydroxysteroid dehydrogenase (3pHSD).
In nine glands from donors of a wide age range, the zona fasciculata and zona reticularis were separated and dissociated, and the cells were placed in culture.
After 5 days, serum was removed by a 24-h period in serum-free defined medium followed by a 24-h exposure to CAMP analogs, with the optional addition of insulin, also in serum-free medium.
The separated fasciculata and reticularis cells showed large differences in the DHEA@l/cortisol (F) production ratios from added pregnenolone precursor, consistent with the synthesis of only F and essentially no DHEA(S) by fasciculata cells and with the synthesis of mostly DHEA(S) with little or no F by both reticularis cells and fetal zone cells. The different patterns of steroidogenesis were accompanied by a much lower level of expression of type II 3/3HSD in reticularis cells, similar to that in fetal zone cells. In contrast, other genes were similarly regulated in the two adult zones and in the fetal zone by both CAMP and insulin. (DHEAS) are secreted in large amounts by the human adrenal cortex (1,2). As precursors of peripheral androgens and estrogens, these steroids are usually termed adrenal androgens (1, 3). About half of the DHEA secreted by the adult human adrenal cortex is unconjugated, and half is sulfated (1, 2); the sulfate circulates at a much higher level because some DHEA is converted to the sulfate extraadrenally and because it has a very low MCR (1, 2). Substantially all circulating DHEAS in humans originates from the adrenal cortex. A high rate of secretion of adrenal androgens in the young adult is confined to humans and a few other higher primates (4,~). Despite the high circulating levels of DHEAS achieved in young adulthood, there is a steep age-related decline in secretion by the adrenal cortex, so that plasma levels in the eighth decade and beyond are very low (6, 7). The adult human adrenal cortex comprises three morphologically distinct zones, an outer zona glomerulosa, a middle zona fasciculata, and an inner zona reticularis (2). It has often been assumed that the zona reticularis is the site of biosynthesis of DHEA(S) (8, 9). The zona reticularis in the human adrenal cortex develops at the time of adrenarche; before adrenarche, there is no zona reticularis or scattered focal reticularis cells and little synthesis of adrenal androgens (1, 2). However, morphologically similar reticularis zones are found in species that do not secrete DHEA from the adrenals, and few direct tests of the concept that the human zona reticularis is the source of DHEA(S) have been reported. In a preliminary experiment, adrenocortical cells from a single human adrenal gland were separated by unit gravity sedimentation, relying on the difference in size between fasciculata and reticularis cells (10). Significant differences in DHEA(S) / cortisol (F) biosynthesis ratios were observed between cell fractions enriched for fasciculata or reticularis cells. By extrapolation, fractions with 100% fasciculata cells and 100% reticularis cells would be expected to secrete only F and only DHEA(S), respectively. In other work, the zona fasciculata and zona reticularis of the human adrenal cortex have been separated and placed in organ culture (11, 12) or dispersed cell culture (13). Although these experiments produced data supporting differences in steroidogenesis between the zona fasciculata and zona reticularis, none of them directly shows a separation of DHEA and F biosynthesis between the zones. The limited existing data on the biosynthetic differences of separated adult human adrenocortical zones have not allowed a determination of the molecular basis for the zonal differences. Because of the lack of suitable animal models for human adrenal androgen biosynthesis, it is important to make basic observations on DHEA(S) biosynthesis and its molecular basis in a suitable system, namely primary cultures of separated zones of human adrenocortical cells.
The experiments described here test the zonal separation of DHEA(S) and F biosynthesis in primary human adrenocortical cells and show that the key difference in expression of the steroidogenic enzyme genes leading to the biosynthesis of DHEA(S) by the zona reticularis is the level of expression of 3p-hydroxysteroid dehydrogenase (3oHSD 
Results
To provide data concerning whether the zona reticularis is the source of DHEA(S) biosynthesis in the adult human adrenal cortex, cells were prepared from separated zona fasciculata and zona reticularis, placed in culture, and tested for their relative abilities to produce DHEA, DHEAS, and F after exposure to CAMP analogs, which were previously shown to potently induce CAMP-dependent mRNAs in cultured fetal and adult adrenocortical cells (16, 24) . Figure 1 shows data for ratios of DHEA(S)/F production from steroid precursor for separated cultures from nine adult donors compared with the separated zones from a fetal adrenal gland. The ratios differed greatly between the zones. The maximum DHEA(S) / F ratio observed in reticularis cultures was 2.1, 126-fold greater than the value of 0.016 observed for the fasciculata cells from the same gland. The largest DHEA(S)/ F ratios observed for reticularis cells were comparable to those observed for fetal human adrenocortical cells, although the fetal zone had a substantially higher ratio than the definitive zone. In cultures derived from other glands we measured differences between the zones that varied from a 4.5-fold difference to a 47-fold difference in DHEA(S)/ F between reticularis cultures and fasciculata cultures.
In many cases, especially in glands from older donors, the zona reticularis was too thin or irregular to allow separation by microdissection. As these glands allowed the production only of fasciculata cultures, they are not plotted in Fig. 1 , but the DHEA(S)/F ratios were similar to those shown in the figure for separated fasciculata cells from other glands.
Some glands among those illustrated in Fig. 1 provided sufficient separated zonal cells only for the measurement of Fig. 1 . ZF, Fasciculata cells; ZR, reticularis cells; con., control; CA, CAMP-treated. After incubation with pregnenolone, the cells were used for preparation of RNA for Northern blotting. The blot was hybridized successively with human 17e-hydroxylase (17~OH) and type II 3flHSD cDNA probes and a 2% ribosomal RNA oligonucleotide. DHEA, DHEAS, and F production from pregnenolone and the DHEAWF ratios are shown below. For production of steroids, the scale on the left refers to F, and that on the rig/zt to DHEA and DHEAS. striped bum, F; hecwy stippZe, DHEA, light stipple, DHEAS (for both steroid biosynthesis and computed ratios).
renocortical cells we showed that insulin can also induce 17a-hydroxylase and 3pHSD (16). As previously observed (16), all of these mRNAs increase in fasciculata cells in response to CAMP, insulin, and the combination of CAMP and cause of previous data showing that the high secretion of DHEA(S) in fetal zone cells results from limited 3/3HSD expression in the presence of adequate 17o-hydroxylase (24-26), we tested whether the differing DHEA(S)/F ratios observed for the separated zones were correlated with levels of 3pHSD mRNA. Figure 2 shows that, as expected, both 17~~ hydroxylase and 3fiHSD mRNAs increased after incubation with CAMP analogs in fasciculata cells, but although the response of l7a-hydroxylase mRNA to CAMP was similar in reticularis cells, 3pHSD was hardly detectable using the same time of exposure of the autoradiogram, We compared regulation of the mRNAs for two other steroidogenic enzyme genes, SCC and 21-hydroxylase, as well as 17o-hydroxylase and 3/3HSD in separated adult zonal cells and fetal zone cells (Fig. 3) . We examined the effects of insulin because in other experiments with adult human ad- insulin; insulin was less effective than CAMP when these agents were used alone, but enhanced the effect of CAMP. Levels of these mRNAs in reticularis cells were broadly similar to those in fasciculata cells, with the exception of 3pHSD. Similarly, in fetal zone cells, only 3pHSD mRNA was substantially lower than mRNA levels in adult fasciculata cells. Fetal zone cells, as expected, showed a very high DHEA(S) / F production ratio. As in fasciculata cells, the increased level of 3flHSD in response to insulin was accompanied by a decrease in the DHEA(S)/ F biosynthesis ratio in CAMP-treated reticularis cells (Fig. 3) as well as in non-CAMP-treated cells (not shown). Induction of steroidogenic enzyme genes by insulin was documented in separated cultures from five donors; the data from one experiment are shown in Fig. 3 . The data presented in Fig. 3 suggested that the properties of reticularis cells are essentially similar to those of fetal zone cells. To confirm this by providing additional data on the level of mRNAs in fetal zone cells, we compared the levels by standardization to the levels from a postnatal gland (essentially entirely zona fasciculata at the age of the donor). As shown previously for fasciculata cells (16), 17o-hydroxylase was induced by both insulin and CAMP, SCC and 21-hydroxylase were weakly affected by insulin and more greatly affected by CAMP, and lip-hydroxylase was induced only by CAMP. The levels of 17a-hydroxylase, lip-hydroxylase, SCC, and 21-hydroxylase, when maximally induced by CAMP plus insulin, were comparable to those in similarly treated fasciculata cells from two adult donors. However, type II 3/3HSD mRNA was so much lower in fetal zone cells that no signal was observed when the blot was exposed to x-ray film for the time used for the fasciculata cells (Fig. 4) . Only after a 60-fold longer time, when the lane containing postnatal gland RNA was greatly overexposed, did fetal zone 3pHSD hybridization become apparent. Thus, the response is qualitatively similar to that shown previously for fasciculata cells, i.e. a response to both insulin and CAMP, with a greater response by the combination of the two. The response of steroidogenic enzyme genes to insulin was also demonstrated in cultures from two other fetal donors.
The data suggested that the major difference in gene expression leading to the synthesis of DHBA(S) by both reticularis and fetal zone cells is their very low level of expression of 3/3HSD. This hypothesis was further tested by examining the effect of pharmacological inhibition of 3pHSD on the synthesis of DHEA(S) by fasciculata cells. Figure 5 shows that the ratio of DHEA/F production by fasciculata cells was vastly increased by inhibition of 3fiHSD by a potent   FIG. 3 . Expression of steroidogenic enzyme genes in separated fasciculata and reticularis cells compared to fetal zone cells. Cultures were prepared from adrenal gland tissue from a 28-yr-old male donor and from fetal zone tissue and were treated as described in Figs. 1 and 2 (Ins, with addition of 10 nmol/L insulin). Blots were hybridized successively with human 17c+hydroxylase, type II 38HSD, SCC, and 21-hydroxylase cDNA probes, with a CYP2C probe as a loading control. The detection of double bands for 21-hydroxylase is an artifact the upper !XZ& corresponds to 21-hydroxylase mRNA. DHEA, DHEAS, and F production from pregnenolone and DHEA(S)/F ratios are showu below. For the adult cell cultures, the scale on the Zeft refers to F, and that on the rig/zf to DHEA and DHEAS. Shading of bars is explained in Fig. 2 .
FIG. 4. Induction of steroidogenic enzyme mRNAs in fetal zone cells compared with the level in adult fasciculata cells. Cultures were prepared from adrenal tissue from two adult donors and from fetal zone tissue and were treated as described in Figs. 2 and 3. RNA was also prepared from the adrenal cortex of an &month-old donor without culture. Blots were hybridized successively with human 17o-hydroxylase, type II 36HSD, SCC, and 21-hydroxylase cDNA probes, with a CYP2C probe as a loading control. For fetal cell expression of 36HSD, two exposures of the blot are shown, one at 2 h and one at 120 h (long exposure).
3pHSD inhibitor, trilostane. Changes in the ratio in the presence of insulin and CAMP, without trilostane, were previously determined (16). The ratio was enormously increased (from 0.02 to 19) after the addition of trilostane during the conversion of pregnenolone, achieving a value comparable to that in fetal zone cells. The ratio was even higher in cells additionally treated with insulin. In contrast, the fetal cells showed a decrease in the ratio with insulin, as previously shown in adult cells (16) and confirmed here. If the primary factor resulting in the biosynthesis of DHEA(S) by human adrenocortical cells is the relative level of expression of 3pHSD, the age-related decline in DHEA(S) secretion by the human adrenal cortex could potentially be the result of a relative increase in 3/3HSD by the adrenal cortex as a whole or, alternatively, a relative decrease in the number of functional reticularis cells as a function of age. It was not possible to directly test the latter within the confines of the present experiments. The data from Figs. 2 and 3 and other blots not shown suggested that the 3/3HSD response of reticularis cells is not changed by age, but insufficient glands with separable zones were available to test this hypothesis exhaustively. However, it was possible to test whether fasciculata cells show variation in 3pHSD induction as a function of age. In Fig, 6 , RNA samples from fasciculata cells from donors aged 19-71 yr are compared. There was a slight tendency for steroidogenic enzyme mRNAs to be less strongly induced in cells from older donors, but 3/3HSD mRNA did not vary as a function of the age of the donor.
Discussion
The data presented here show that the zona reticularis is the site of biosynthesis of the adrenal androgens DHEA and DHEAS in the adult human adrenal cortex, confirming an earlier preliminary experiment based on zonal cell separation by cell size (10).
The essential, but not necessarily the only, difference in the expression of steroidogenic enzyme genes between the zona fasciculata and the zona reticularis is the level of type II 3pHSD. The high ratio of DHEA(S)/F biosynthesis by both fetal and reticularis cells results principally from the limitation of expression of this enzyme. This explanation has been generally accepted as the principal reason for the high level FIG. 6 . Induction of steroidogenic enzyme mFtNAs in fasciculata cells from donors of various ages. Cultures were prepared from adrenal gland tissue from donors of the indicated ages and treated as described in Fig. 2 ; . . ' hk$ 21-OH of secretion of DHEA(S) by the fetal cortex and the fetal zone specifically. The fetal zone has a higher capacity to secrete DHEA(S) than the definitive zone, and this correlates with the level of expression of 3/3HSD (27) (28) (29) (30) (31) (32) (33) . Similarly, the present data show that the lack of 3f3HSD activity in the zona reticularis forms an enzymatic block that results in steroids remaining in the As pathway rather than entering the A4 pathway, as discussed in detail previously (34). Moreover, histochemical and immunocytochemical data show that the zona reticularis is relatively lower in 3pHSD expression (35) (36) (37) (38) . Considering the four human adrenocortical zones, fetal, definitive, reticularis, and fasciculata, the DHEA(S)/F production ratios correlate with the relative levels of expression of 3/3HSD type II mRNA. The other genes were all induced to similar levels in adult and fetal cells, regardless of zone.
The different levels of expression of 3/3HSD account not only for the difference among different kinds of human adrenal cells-zona reticularis, zona fasciculata, and the zones of the fetal cortex-but also account for the difference between human adrenocortical cells, which secrete adrenal androgens, and those of the cow and other species, which do not (25). The difference has been shown to be reflected in the levels of 3/3HSD mRNA (24, 39), protein (33), and activity (25, 31) .
The ratio of DHEA(S)/F biosynthesis for reticularis cells measured here was not as high as that for cultured fetal adrenocortical cells, as shown in these experiments and in previous studies (28, 31, (40) (41) (42) . Although other explanations are certainly possible, the most likely cause of this is that reticularis cultures, although greatly enriched for reticularis cells, are not entirely free from fasciculata cell contamination; conversely, it is not clear whether the low, but variable, level of DHEA(S) synthesized by the fasciculata cultures represents a genuine product of fasciculata cells or results from a small number of reticularis cells in the preparation. The problem of clean separation of the zones arises because although a prominent zona reticularis is found in most young adults and in some glands from older individuals, in other glands the cortex comprises almost entirely zona fasciculata, and in some, the zona reticularis interdigitates with the zona fasciculata (43). Thus, the degree to which the zona reticularis can be dissected free of all zona fasciculata is variable, reflected in the fairly wide range of DHEA(S)/F production ratios observed. Because of the potential for contamination, JCE & M . 1996 Vol81 . No 10 we suggest that the values for DHEA(S)/F ratios observed here represent minimal estimates for the steroidogenic potential of pure reticularis cells. Thus, we propose that pure fasciculata cells secrete essentially only F, pure reticularis cells secrete only DHEA(S), and that the latter are also essentially completely deficient in the expression of 3pHSD. The concept that there may be other important differences between fasciculata and reticularis cells was addressed by inhibition of the high level of 3/3HSD in fasciculata cells with trilostane. Because this resulted in a high level of DHEA biosynthesis in a cell that normally synthesizes very little DHEA, there is clearly a potential for adrenal androgen biosynthesis in fasciculata cells, but this is latent because of the high level of expression of 3pHSD. Therefore, other explanations for the limitation of DHEA(S) biosynthesis to the zona reticularis are unnecessary. Specifically, it is not necessary to postulate differences in CIT,ZO-lyase activity, although nothing in the present experiments rules out differences in lyase activity or in the regulation of lyase activity that might produce more subtle variations in adrenal androgen biosynthesis (44, 45) . Nevertheless, such differences cannot account for the high rate of DHEA(S) synthesis by the zona reticularis, which clearly results from the 3pHSD block.
The differences in DHEA(S)/F and 3@HSD mRNA in zonal cultures show that the cells "remember" their zonal cell type, at least over the 5 days of culture before they are exposed to the inducers. This occurs despite the fact that the steroidogenic enzyme mRNAs fall to basal levels over this period, showing that the cells are no longer under the influence of the hormones that maintain transcription of the steroidogenic enzyme genes in uim. Therefore, we conclude that the transcription factors or other cellular machinery that differs between reticularis and fasciculata cells are stable under cell culture conditions, at least for these relatively short periods. These experiments do not rule out the possibility that longer term culture and/or manipulation of the culture environment might modulate the properties of the cells between reticularis and fasciculata, as shown for zona fasciculata and zona glomerulosa (46). The present data show no age-related change in zona fasciculata properties that could account for DHEA(S) loss, and the more limited data on gene expression patterns in reticularis cells also did not show age-related changes. Thus, as reviewed previously (34), the most straightforward hypothesis for the strong age-related decline in DHEA(S) production by the human adrenal cortex is a progressive decline in the number of reticularis cells in the adrenal cortex, perhaps resulting from a greater susceptibility of cells in the zona reticularis to apoptosis (47). The much greater effect of zonal origin of the cells on DHEA(S) biosynthesis vs changes in gene expression resulting from exposure to CAMP and hormones suggests that the age-related decline in DHEA(S) biosynthesis is not primarily caused by changes in circulating hormone levels. Nevertheless, it is likely that the 3pHSD level in the reticularis cell is to some extent modulated in z&m by circulating hormones, causing the cells to produce less or more androgens. Several hormones, including angiotensin, acetylcholine (26), and insulin (Ref. 16 and the present data) decrease the DHEA(S)/F production ratio by fetal adrenocortical cells and adult fasciculata cells and probably have the same effect in reticularis cells, associated with induction of 3pHSD. Although insulin depresses the DHEA(S)/F ratio by induction of 3/3HSD, it would be predicted to result in increased DHEA biosynthesis if 3pHSD were blocked, because it induces 17a-hydroxylase (16). This was confirmed here in the experiments on the effect of trilostane in fasciculata cells.
In summary, DHEA(S) biosynthesis depends on both the regulation of 3pHSD by circulating hormones and the Wknown paracrine or tissue architectural factors that are responsible for formation of the DHEA-synthesizing inner zones of the cortex and the unknown mechanisms by which the number of such cells in these zones is regulated. To the extent of the data currently available, circulating hormones have a much smaller effect than zonal origin. However, fasciculata cells synthesize very little DHEA(S), and separated reticularis cells have not previously been studied. If, as previously proposed, there are hormones that selectively increase adrenal androgen biosynthesis (48), proper testing of this concept requires a system in which a high rate of adrenal androgen biosynthesis is maintained, i.e. cultures of separated human zona reticularis cells.
